With the use of special DNA binding sites, but not the natural aral binding site, the dimeric AraC protein can be forced to make sandwich structures in which two DNA molecules are joined by two AraC protein dimers.
INTRODUCTION
The AraC protein of E.coli is a DNA-binding regulator of transcription which controls expression of genes involved in the catabolism of arabinose (1) . At the araCBAD regulatory region, in the absence of arabinose, AraC protein forms a DNA loop by binding to both the araIl half site and the araO2 half site ( Fig.1 ), which are separated by 210 base pairs (2) (3) (4) . One subunit of the dimeric protein contacts araIb and the other subunit contacts araO2 (4) . When arabinose is added, AraC protein shifts the location of its DNA contacts without dissociation from the DNA, now binding to the adjacently located araIl and araI2half sites (4) . Induction of transcription from the promoter PBAD overlapping araI2 follows. The arabinose-bound form of AraC protein is apparently restricted to the recognition of closely spaced pairs of half-sites (5) . The binding of AraC protein to the araI site has been studied extensively (5) (6) (7) (8) , and can be measured by an electrophoretic retardation assay in which the AraC-araI complex migrates as a single band of slower mobility than the unbound DNA.
Upon the discovery of DNA looping in the araCBAD system, vigorous attempts were made to demonstrate the joining of two DNA molecules by AraC protein, but without success (9) . It (5, 18) . Gel retardation assays performed on DNA sandwich complexes were done essentially as Hendrickson and Schleif (6) , except that the concentrations of acrylamide and methylene-bisacrylamide used in the gels were changed from 6% and 0.1% to 4% and 0.067% (17) . Pure AraC protein was added to approximately 0.2 pmoles 5'-32p labeled I-14-Il site DNA in the binding buffer of Hendrickson and Schleif (6) and protein concentrations used were the same as in Fig. 3a , except for the use of the evII-I site. (Fig. 3a lane 2) . These bands are found only in the absence of arabinose. In the presence of arabinose we observed only the P2D and PD species. The migration rates of the two very slow bands, as well as their dependence on high protein and DNA concentrations, are consistent with their containing DNA sandwich structures (10). a.
[ DNase footprinting of the sandwiches, Fig. 4a lanes 3 and 4, shows several points of induced DNase hypersensitivity between half-sites, also suggesting that the structure of this DNA has been further distorted when the complex forms. Two different conformational isomers of sandwiches are shown in Fig. 5 , a and b. These we propose are the molecular species in the observed bands. In the cis isomer the two DNA molecules bend into the same directions in space. In the trans isomer they bend into opposite directions. These two conformers have very different shapes and therefore could well possess different electrophoretic mobilities.
Other potential isomers of sandwiches are structures in which the directly repeated half-sites on each molecule are orientated parallel or anti-parallel, AraC-DNA sandwiches form on the evIh-Ih site Sandwich structures are also formed using DNA containing two aralI half-sites in a tail-to-tail, or everted orientation, evI1-I1 (Fig. 3b, lanes 1-5) . By placing four bases between such everted I, half-sites, the known contacts between AraC and the DNA are retained on one face of the DNA (5 This non-cooperativity may be a consequence of unfavorable steric interactions arising from the close juxtaposition of halfsites in opposite orientations. The DNase footprint of the evI-Ih site sandwiches (Fig. 4b) shows complete occupancy of both halfsites and no DNase hypersensitivities between half-sites. Because the evI-h4 DNA has no A5T tract and is not expected to be bent between half-sites, the cis and trans isomers of sandwiches should not be observed. In fact only one sandwich band is observed with this site when DNA molecules of equal arm lengths are used (Fig. 4b lanes 1-5) . As with the II-14-I, site, use of DNA molecules ofunequal arm lengths doubles the number of observed sandwich bands (Fig. 4b lanes 6-10) , again consistent with the formation ofparallel and antipamllel isomers. In addition, mixture of the two tpes of DNA molecules (Fig. 4b lanes 11-15) (20) and transvection (21) .
DNA-protein-DNA sandwiches have been well studied with components from the lac operon (10) . These sandwiches were observed to have slow electrophoretic migration rates as well as to exist in parallel and antiparallel isomers, which was confirmed by electron microscopy. Sandwich formation in the lac system differs in a fundamental way from that in the ara system. The tetrameric lac repressor contacts its operator binding site on one DNA molecule using two subunits. The other two subunits of the protein are available for binding to another DNA molecule and forming a sandwich. Thus in the lac system binding to adjacent half-sites is not in competition with DNA looping or sandwich formation as it is in the ara system. Formation of ara sandwiches therefore requires the destabilization of dimeric binding to adjacent half-sites, which we have shown can be achieved.
DNase footprinting of sandwiches formed on the ara h1-14-Ih site showed that each half-site is fully occupied by AraC protein.
While we have not directly measured the stiochiometry of the sandwich complexes, the facts that these complexes are dependent upon very high protein and DNA concentrations, that mixing of two DNA molecules in one reaction yields new species, and that all four half-sites are fully protected from DNase, indicate that the stiochiometry of these complexes is very likely P2D2.
The DNase footprint of the I-14-l sandwich complexes (Fig. 4a ) also showed several induced DNase hypersensitivities in the region between the half-sites. Model building suggests that the DNA between the half-sites should be slightly distorted to best bring the half-sites together in space. Such distortion of the DNA structure in the spacer likely is the cause of the observed DNase hypersensitivities between half-sites. The protein-DNA complexes formed on this site in the presence of arabinose, P2D and PD, show no DNase hypersensitivities between half-sites, consistent with the result from the gel retardation assay (data not shown) that the absence of arabinose is required for sandwich formation.
Formation of the parallel and antiparallel isomers drawn in Fig. 5 Previous experiments show that in vivo and in vtro AraC protein will bind to well-separated half-sites to forn DNA loops (2) (3) (4) (5) 16) 
